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Abstract: We demonstrate a new scheme of spectromicroscopy in the
extreme ultraviolet (EUV) spectral range, where the spectral response of
the sample at different wavelengths is imaged simultaneously. It is enabled
by applying ptychographical information multiplexing (PIM) to a tabletop
EUV source based on high harmonic generation, where four spectrally nar-
row harmonics near 30 nm form a spectral comb structure. Extending PIM
from previously demonstrated visible wavelengths to the EUV/X-ray wave-
lengths promises much higher spatial resolution and more powerful spectral
contrast mechanism, making PIM an attractive spectromicroscopy method
in both the microscopy and the spectroscopy aspects. Besides the sample,
the multicolor EUV beam is also imaged in situ, making our method a pow-
erful beam characterization technique. No hardware is used to separate or
narrow down the wavelengths, leading to efficient use of the EUV radiation.
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1. Introduction
New imaging capabilities are driving revolutionary advances in science and technology, mak-
ing it possible to image biological systems in three dimensions with stunning detail. For ma-
terials systems that cannot be labeled using fluorescent markers, and that are opaque to visible
light, shorter wavelength light has advantages. As nanosystems relevant to the semiconduc-
tor industry become increasingly complex, there is a critical need for microscopy techniques
that can distinguish between different materials. This capability is realized using spectromi-
croscopy techniques in the extreme ultraviolet (EUV) and X-ray range, which take advantage
of element-specific absorption contrast. However, established techniques such as near edge X-
ray absorption fine structure (NEXAFS) [1], X-ray absorption near edge structure (XANES)
[2], and X-ray fluorescence [3] spectromicroscopies can only record images at one wavelength
at a time: either a monochromator or spectrometer must be scanned in order to collect a full
series of images. In contrast, ptychographical information multiplexing [4] (PIM), which is
an extension to ptychographical coherent diffractive imaging (CDI), enables the collection of
images at multiple wavelengths simultaneously. When combined with EUV and X-ray wave-
lengths, this technique can be used to produce images with elemental contrast without the need
for wavelength scanning.
Ptychographic CDI [5, 6, 7, 8, 9] has achieved great success due to its high fidelity and
robustness in situations where other CDI methods fail. In a ptychographical microscope, the
object is scanned area-by-area to record a diffraction pattern at each scan position, ensuring
overlap between adjacent scan positions. The diffraction patterns and scan locations are then
fed into an iterative algorithm, to retrieve the phase of the diffracted fields. By back-propagating
the diffraction field to the sample position, complex-valued images of the object are obtained
with quantitative amplitude and phase information. Scanning with overlap is a simple, yet el-
egant way of introducing redundant information into the diffraction-based measurements, dis-
tinguishing ptychography from other computational imaging techniques.
In addition to removing experimental restrictions required for other types of CDI, such as
sample isolation, recent breakthroughs demonstrate that the information redundancy in pty-
chography also enables the reconstruction of state mixtures, i.e. the decomposition of mutually
incoherent modes [4, 10, 11]. Thibault and Menzel [10] demonstrated the reconstruction of five
dominant spatial modes in a partially coherent X-ray beam used for ptychography illumina-
tion. Shortly thereafter, Batey et al. [4] simultaneously illuminated a sample with three separate
single-color visible lasers with blue, green and red wavelengths, and successfully recovered the
samples response for each of these three colors using the PIM technique.
CDI requires light sources with a high degree of spatial coherence. To address this challenge
at short wavelengths, coherent light sources based on tabletop high harmonic generation (HHG)
and large-scale free electron lasers (FELs) are under rapid development. High harmonic genera-
tion [12, 13, 14, 15, 17, 18] is an extreme nonlinear process that coherently upconverts infrared,
visible, or UV light to extreme ultraviolet (EUV) and X-ray wavelengths. HHG is unique as a
light source because the generation conditions can be adjusted so that the light emerges either
as a coherent supercontinuum (corresponding to an isolated attosecond burst in time), or as a
comb of harmonics, with periodicity both in space and time. Under the right conditions, the
harmonics are spectrally narrow (∆λ/λ < 1%) [13, 16] and also tunable by changing the driv-
ing laser wavelength or chirp. Since its demonstration in 2007, CDI using HHG sources has
become a successful imaging modality, enabling high resolution image reconstruction both in
transmission [19, 20, 21] and more recently in reflection [8, 9, 22]. Despite these successes,
HHG CDI contains untapped potential because the spectral structure of HHG has been under-
utilized. Indeed, recent work used broadband HHG beams as a way to make more efficient
use of available photons [23, 24], by assuming that the object looks identical at all constituent
wavelengths [23, 24, 25].
In this work, we extend PIM [4] to utilize multiple high harmonics as the illumination source,
in an important spectral range offering element-specific contrast due to adjacent absorption
edges. By relaxing the previous assumption of a uniform spectral response, we retrieve a wealth
of information about the sample, including the spectrally-dependent amplitude and phase that
encode the sample composition and topography. To achieve this, we illuminate the sample with
several harmonic orders simultaneously, and employ the PIM algorithm to reconstruct inde-
pendent images at each wavelength. Thus, in addition to high-contrast, high-spatial-resolution
imaging systems, we can now achieve intrinsic element-specific contrast at multiple wave-
lengths simultaneously. Information redundancy in ptychography not only allows the sample,
but also the illumination to be reconstructed. Here we aslo demonstrate in situ imaging of a
multicolor EUV beam. Finally, we note that the combination of a comb of coherent harmonics
and the PIM algorithm is the most efficient use of HHG EUV radiation for imaging to date
because there is no energy loss from any multilayer mirrors or monochromatizing optics.
2. Experiment
The experimental setup is shown in Fig. 1. Phase matched high harmonics near 30 nm were
generated by focusing ultrashort pulses from a Ti:Sapphire amplifier (KMLabs Dragon, 790
nm central wavelength, 5 kHz repetition rate, 1.5 mJ pulse energy, 22 fs pulse width) into a
hollow waveguide (150 µm inner diameter, 5 cm long) filled with argon at 35 Torr. In contrast
to previous experiments, no EUV multilayer mirrors were used to select a single harmonic.
Instead, an ellipsoidal mirror refocused the all the harmonics onto the sample, with an estimated
beam diameter of 10 µm based on a knife-edge measurement. Due to geometrical constraints
of our imaging chamber, we added a pair of gold mirrors placed at an angle of 45◦ to steer the
beam. The sample (titanium features patterned on silicon [8]) was placed at a 50.5◦ angle of
incidence. Diffraction from the sample, which is an incoherent superposition of scattered light
from all four harmonics, was measured by an EUV-sensitive CCD (Andor) detector placed 55
mm away from the sample, and was positioned normal to the specular reflection of the beam.
The ptychographical scan consisted of a 28× 11 rectangular grid (with added random offsets up
to 20% of the step size to prevent periodic artifacts in the reconstruction). We chose a scanning
step size of 1 µm to ensure enough information redundancy for the ptychographical dataset.
The equivalent numerical aperture (NA) of the collected diffraction is 0.086, providing a half-
pitch resolution near 170 nm. The exposure time was set to 1.5 seconds to avoid saturation
of the CCD. We accumulated three exposures at each position to increase the signal-to-noise
ratio, resulting in a total exposure time of 23 minutes. In a chamber designed specifically for
this experiment, the gold steering mirrors, which have a combined reflectivity of 2%, could be
removed and the required exposure time would then be reduced to 30 seconds using the HHG
source described here.
To precisely determine the wavelengths of the harmonics, we placed a two-dimensional (2D),
Λ = 300 nm period nano-pillar grating adjacent to the sample in the same plane. This grating
acted as a low-resolution spectrometer. Diffraction from this grating illuminated by the EUV
harmonic comb is shown in Fig. 2(a). We can clearly see the first-order diffraction peaks cor-
responding to spatial frequency 1/Λ for different harmonics. We remapped [22] the diffraction
pattern to a uniform grid of spatial frequencies normalized by 1/λ , with the result shown in
Fig. 2(b). The spectral intensity, calculated as the modulus square of the diffraction amplitude
along the magenta line in Fig. 2(b), is shown as a dashed line in Fig. 2(c), where the wavelength
axis is calculated as the product of and the normalized spatial frequency. The peaks are located
at 29.1, 31.5, 34.6, and 38.1 nm, and correspond to harmonic orders 27, 25, 23, and 21 of the
laser driving wavelength centered at 790 nm. The spectrum obtained in this way are blurred due
29.1 nm
31.5 nm
34.6 nm
38.1 nm

In
te
n
si
ty
Fig. 1. Hyperspectral imaging by combining multiple EUV harmonics and ptychographi-
cal information multiplexing. An EUV HHG beam consisting of four harmonic orders is
focused onto the sample by a grazing-incidence ellipsoidal mirror. The sample is scanned
transversely to enable ptychographical imaging. At each scan position a pixel-array detector
records the diffraction pattern, which is an incoherent superposition of the four different
wavelengths. The PIM algorithm can decompose the diffraction pattern into its coherent
components, to obtain the spectral response of the sample at each wavelength simultane-
ously.
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Fig. 2. Spectrum of the multicolor EUV HHG source. (a) Diffraction intensity measured
on the detector. (b) Diffraction amplitude obtained by performing tilted plane correction on
(a). The axis is the spatial frequency normalized by 1/λ , or effective NA (scale bar 0.02).
(c) Spectral intensity. Dashed-line: line cut along the magenta line in (b). Solid line: higher-
resolution estimate of the spectrum by deconvolving the modulus square of the remapped
diffraction in (b).
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Fig. 3. Decomposition of a multicolor diffraction pattern. (a) Measured diffraction intensity
after remapping around the position marked by magenta crosshair in the inset. (b-e) The
coherent components of (a) at 29.1 nm, 31.5 nm, 34.6 nm, and 38.1 nm respectively. All the
diffraction intensities in (a-e) are shown to the quarter power, and share the scale bar with
(a), which has a length of 0.02 NA. (f) Comparison of the intensity profile of the incoherent
superposition in (a) and its components in (b-e) along the dashed-line.
to the fact that the HHG beam was not focused onto the detector (see dashed line in Fig. 2(c)).
To obtain spectral intensities more representative of the actual HHG spectrum, we performed a
2D deconvolution of the remapped diffraction intensity using the Lucy-Richardson algorithm,
with the zero-order diffraction taken to be the point spread function. The results of this analysis
give an upper bound to the harmonic widths of ∆λ/λ ≤ 2% (see solid line in Fig. 2(c)). We
ignore the weak harmonic at 41 nm. The four-harmonic spectrum spans a width ∆λ/λ of 27%.
3. Reconstruction
We use a modified version of the PIM algorithm [4] to reconstruct the response of the sample to
the different HHG wavelengths present in the illumination. The modification is that we do not
constrain the spectral weights during iterations, and let the relative scale of the probe and the
sample float freely, while their product is invariant. This way, the algorithm will also work for
applications where spectral weight information is missing, with the understanding that for each
color, there is an undetermined relative scale factor between the reconstructed probe and the
reconstructed object. The initial guess for the probe beams is obtained from a knife-edge focus
measurement [9]. The entire reconstruction process consisted of ≈ 1300 iterations. During the
final ≈ 100 iterations, we implemented the position refinement algorithm [26] for each color.
An illustration of how multicolor diffraction patterns are decomposed using PIM is shown in
Fig. 3. We select the scan position centered around the crosshair mark in the inset of Fig. 3(a),
and display the measured diffraction intensity (after remapping [22]). Figure 3(b-e) show the
four quasi-monochromatic components, as determined by the PIM algorithm, that sum incoher-
ently to form the pattern shown in Fig. 3(a). Figure 3(f) shows the intensity profiles of Fig. 3(a-
e) along the dashed line. The lower contrast of the diffraction fringes in the mixed diffraction
pattern in Fig. 3(a) relative to that of its coherent components is clear. The different colors have
Fig. 4. Reconstructed sample reflection coefficients for the four harmonics in the illumina-
tion. The first row (a-d) shows the amplitudes and the second row (e-h) shows the phases.
The third row (i-l) shows the normalized amplitude (left) and the phase (right) of the probe
for each color. Each color has the amplitude normalized so that its maximum is one. (m)
For comparison, a scanning electron microscopy image of the sample is shown. (n) The
combination of probes at four different wavelengths to show the spatial dispersion of the
HHG beam. Scale bar in (a) and (n), 10 µm. (b-m) share the same scale bar as in (a). The
white box in (a) marks a region of interest for later quantitative analysis.
different scattering angles for the same spatial frequencies and different spatial distribution of
illumination fields, causing blurring in the mixed diffraction pattern.
We reconstructed the complex amplitude of the reflection from the sample, with the moduli
shown in Fig. 4(a-d) and phases shown in Fig. 4(e-h). As a reference, an SEM image of the
sample is shown in Fig. 4(m). Excluding the reconstruction for the 21st harmonic, the main
features of the sample are reconstructed well. There are several types of artifacts present in
the PIM reconstructions, such as double-lining near edges and noise on the silicon substrate.
Compared with our previous reconstruction with single color illumination [9], the multicolor
reconstruction has degraded quality. The probable reason is that while the signal-to-noise ratio
for the sum of all four colors is about the same as for the single-color case, after decomposition
into four colors, each color has much lower signal-to-noise ratio leading to lower image quality.
This is mainly a technical limitation due to the limited dynamic range of the detector used in
this experiment, and should not be considered to be a fundamental limitation to the technique.
The image reconstruction quality is especially low for the 21st harmonic, which not only shows
a low spectral weight in the measured spectrum in Fig. 2(c) but also has a lower reflectivity
from titanium: the reflectivity at 38.1 nm is only 11% of that at 29.1 nm [27]. Ignoring other
weak harmonics present in the spectrum may also lead to reconstruction errors.
Reconstructed moduli and phases of the HHG beam at four different wavelengths are shown
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Fig. 5. Spectral contrast analysis. For the area enclosed by the white box in Fig. 4(a), a
histogram of the modulus and the phase of the reflection from the sample is shown in (a) and
(b) respectively. For convenience, in (a) the reflection coefficient moduli |r| are normalized
such that |r|= 1 for silicon for all wavelengths; while in (b) the phases for silicon are set
to zero for all wavelengths. (c) and (d) show the comparison of modulus |rTi|/|rSi| and
phase difference φTi−φSi from theory, the single color experiment in previous work, and
the multicolor experiment in this work.
in Fig. 4(i-l), with Fig. 4(n) showing the different color beams on the same plane to provide
a direct view of the entire HHG beam. The outline of each beam in Fig. 4(n) corresponds to
the 1/e2 intensity level. In terms of the HHG probe beam reconstruction, we can clearly see
astigmatism in Fig. 4(i-l), with the wavefront converging horizontally and diverging vertically.
This extracted wavefront curvature agrees with our observations during the experiment: using
a knife-edge measurement we found that the x-focus is after the y-focus by roughly 400 µm
along the beam axis, and we positioned the sample at the midpoint of the x- and y-foci.
4. Spectral contrast analysis
To verify the spectral contrast obtained in the PIM experiments, we performed a comparison
against both the previous single-color work [8] as well as theoretical calculations. For the region
marked by a white rectangle in Fig. 4(a), we performed histogram analysis of the modulus ratio
of the titanium region versus that of the silicon region |rTi|/|rSi|, and also the phase difference
between the two regions, φTi−φSi, as shown in Fig. 5(a) and Fig. 5(b). To obtain the theoretical
values of these two quantities, we used the results from a previous characterization of the same
sample [8]: the thickness of the oxidation layers on top of the titanium and the silicon regions
are assumed to be 2.92 nm and 3.01 nm thick, respectively. From an atomic force microscopy
measurement, we characterized the roughness of the titanium region and the silicon region to be
0.91 nm and 0.23 nm respectively, and the height difference hTi− hSi to be 32.7 nm. We found
evidence of up to 1 nm of carbon buildup in samples maintained in the same environment as the
one used in this work, using Auger electron spectroscopy. Here we assume a thickness between
0 and 1 nm of the carbon contamination, which is a source of uncertainty in the theoretical
reflectivities of the sample surfaces. With this model of the sample, and tabulated values of
indices of refractions and reflectivities [27], we calculated |rTi|/|rSi| and φTi − φSi (the total
phase results from both the complex Fresnel reflection coefficient and the height difference
[8, 9]) as a function of wavelength. The comparison between these calculations and the results
from the previous single color experiment [8] along with the current multicolor experiment
is shown in Fig. 5(c) and Fig. 5(d). Both of these comparisons demonstrate good agreement
between the multicolor and single-color experimental results and theoretical simulations.
5. Discussions and conclusions
As illustrated above, the combination of high harmonic combs and ptychographic information
multiplexed diffraction imaging allows the amplitude and phase response of a sample to be re-
covered at multiple wavelengths simultaneously. Each of the four illuminating probes, one for
each phase-matched harmonic, is reconstructed separately, over a spectral range corresponding
to ∆λ/λ ≈ 27%. No wavelength-scanning or separation hardware was used, making the exper-
imental setup simpler than other techniques while at the same time enabling more efficient use
of available photons. The combination of a comb of coherent harmonics with the PIM algo-
rithm is the most efficient use of HHG EUV radiation for imaging to date because there is no
energy loss from any multilayer mirrors or monochromatizing optics.
The limitations to this new spectromicroscopy technique are not currently well understood,
including how many colors, Nc, can be reconstructed simultaneously, or what spectral resolving
power, λ/∆λ , can be achieved. The limit for Nc can be estimated by simply considering the ratio
between the number of knowns and unknowns in the phase retrieval problem. If a point on the
sample is illuminated with Np overlapping ptychography scan positions, i.e. it is independently
measured Np times, and the diffraction pattern is sampled at an oversampling [28] ratio ρ , then
there is Npρ-fold information redundancy for that point. Beyond ρ = 2, no further information
is gained, so for ρ > 2 the information redundancy is simply 2Np. Each color needs two-fold
redundancy for phase retrieval, so an upper bound for Nc is Npρ/2 for ρ ≤ 2, and Np for ρ > 2.
It is reasonable to believe that there is a point beyond which increasing Np (increasing overlap
between scan positions) fails to result in increased information redundancy i.e. adjacent scans
are no longer independent. Regarding spectral resolution, the detection of scattered light at
high numerical aperture can help separate adjacent colors via diffraction. In object space, this
translates to the fact that in order to discriminate between adjacent colors, the respective fields
of view must differ in image size (number of pixels). With this in mind the spectral resolution
is limited to approximately λ/∆λ ≥ 2NAL/λ , where L is the maximum distance between scan
positions, and NA is the numerical aperture. Thus an increase in either the NA or the maximum
distance between scan positions can result in increased spectral resolution. For the experiment
described here, the estimated upper bound for Nc is ≈100, much greater than the 4 colors
reconstructed here. The spectral resolving power is estimated to be 80, which is higher than the
necessary resolving power of 15 necessary to distinguish adjacent harmonics.
Looking forward, the spatial resolution can easily reach below 50 nm by placing the detector
closer to the sample for a higher numerical aperture [9]. Various element-specific absorption
edges in the EUV/X-ray spectrum range at higher photon energies than studied here provide op-
portunities for high-contrast spectral imaging. Broadband and narrowband shorter wavelength
HHG sources are being developed that are bright (i.e. phase matched) and that can operate in
the water window range [14, 17] for biological imaging, reaching photon energies up to 1.6
keV [15]. It is also possible to extend this technique to multicolor sources other than HHG,
such as synchrotrons and free electron lasers. The HHG source used in this work has a favor-
able spectral structure with discrete spectral lines, each of which has a narrow bandwidth. The
question of how to address more continuous, broadband spectra with this technique will be ad-
dressed in future work. Each harmonic has a transform limited pulse duration on the order of
≈ 5 femtoseconds (30 nm wavelength with a spectral bandwidth of ∆λ/λ = 1% and a Gaussian
profile corresponds to pulse duration of 5 femtoseconds). By making use of the ultrashort pulse
duration of the HHG source in a pump-probe geometry, this technique can be used for spectral
imaging of ultrafast charge, spin and phonon dynamics in functioning nanosystems [29, 30].
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